is paper aims to evaluate the resistance performance of the vinyl acetate ethylene polymer cement (VAEPC) composite and the polyvinyl alcohol fiber-reinforced cement (PAFRC) composite against a low-velocity impact in varying temperature. eir impact resistance performances are analyzed and compared with plain mortar after 28 days of age. Low-velocity impact tests were carried out under the various room temperatures of − 70°C, 70°C, and 140°C. Also, an INSTRON CEAST 9350 drop-tower system has been used to get the impact load, fracture energy, and displacement of the specimens while loading low-velocity impacts. From these tests, the failure pattern, shape, and strength of each test specimen were evaluated for the VAEPC, the PAFRC composite, and the plain mortar. ose test results showed that the flexural strength of both the VAEPC and the PAFRC composites has increased compared to that of the plain mortar. However, the compressive strength of the PAFRC composite decreased slightly after 28 days, while its flexural strength increased by 24.4% compared to that of the plain mortar. In addition, the drop test results show that PAFRC composite specimens have the highest impact fracture energy compared to other specimens at − 70°C, 70°C, and 140°C, whereas plain mortar specimens have their lowest. is is because the PVA fiber included in the PAFRC acts as a bridge to suppress crack propagation and to improve energy absorption performance, which helps it resist relatively better against impact. It is also known that while the VAEPC composite and the plain mortar were destroyed in a form of being perforated, the specimens of PAFRC composite were observed to some extent to suppress the perforation failures. erefore, under a load of low-velocity impact, the resistance performance of the VAEPC composite and the plain mortar was proven to show brittle fracture behavior, while the PAFRC showed ductile fracture behavior in virtue of PVA fiber reinforcement which improved its flexural performance. According to the SEM observation which followed the tests, the PAFRC composite as a fiber-reinforced material of the hydrophilic material was found to show the most excellent interfacial bond adhesion compared to the other composite and the plain mortar. e PAFRC composite manufactured in the study has been proven to be very useful as a reinforcement material in both high and low temperature environments.
Introduction
ere are many natural disasters and extreme cold and heat weather around the world, all caused by unexpected climate change. Also, the risk of explosion and impact due to terrorism or collision of vehicles, ships, aircrafts, etc. is gradually increasing, and there is always a possibility of accidents anytime. is causes many concrete structures to deteriorate. erefore, all buildings and civil infrastructure facilities require high performance in order to resist against hostile environment. In particular, concrete structures should be designed to endure the unexpected impacts of climate change or careless accidents such as typhoons, earthquakes, explosions, and collisions, with high safety requirements [1, 2] . Accordingly, the fiber-reinforced cement composites (FRCC) have been widely applied in many buildings and civil infrastructure facilities for decades to ensure their safety against external impacts [3] [4] [5] [6] [7] [8] [9] .
Cement composite materials have excellent compressive strength, so they are most widely used in the construction of building and civil infrastructure facilities, but their tensile strength, flexural toughness, and ductility are relatively low [10, 11] . Cement composites have been developed to improve the strength properties of concrete using VAE polymer or PVA in plain mortar, in order to increase the resistance to flexural performance and to improve brittle properties [12] [13] [14] [15] .
In addition, it is important to evaluate the safety of the structures under extreme condition (load, temperature, etc.) caused by natural factors such as typhoons, earthquakes, and human factors such as explosions and collisions. As the risk of concrete structures increases by being directly exposed to extreme external forces, FRCC has received a lot of attention as one of the methods to increase the impact resistance of concrete structures against high rapid loads such as typhoons, earthquakes, explosions, and collisions [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] .
Currently, many researchers have performed intensive research on high-performance cement composites as one of the most effective ways to improve the properties of cement composite materials in order to effectively manage the brittle properties of cement composite materials and the existing structures [28] [29] [30] [31] . Among these cement composites, highperformance fiber-reinforced cement composites have been developed. ey exhibit high flexural toughness and energy absorption capacity by incorporating PVA fiber into plain mortar [32] [33] [34] . Accordingly, FRCC is expected to be used for various applications such as for repair and reinforcement materials and impact and energy absorption materials. Also, the VAEPC composites based on polymer composite materials have been reported to have superior effects on improving tensile strength, flexural strength, adhesiveness, permeability, abrasion resistance, and chemical resistance compared to plain mortar [35] [36] [37] [38] .
As mentioned above, although many researchers have confirmed that VAEPC and PAFRC composites increase the flexural performance and water-tightness as well as the impact resistance, researches on the impact fracture behavior under different temperatures of cement composites in extreme environments are rare. Information is needed on the impact resistance when exposed to such extreme environments. It is very important to evaluate the impact resistance of cement composites in extreme environments where high and low temperatures occur repeatedly. erefore Banthia et al. examined the impact resistance of fiber-reinforced concrete under abnormal temperature conditions [39] . Also, Liu et al. [40] investigated the energy absorption and fracture characteristics through impact tests of AR-glass textile reinforced mortars (TRMs) at − 25°C∼100°C. e experimental results showed that the variation of temperature did not affect the impact performance compared to other conditions. In addition, the flexural strength test results of high-performance slurry-filled steel fiber-reinforced cement composites, with respect to exposure to high temperatures, have been reported to decrease the flexural strength with increasing exposure temperature [41] .
Recently, demand for construction in extreme heat regions such as Saudi Arabia, Kuwait, and Qatar (hottest in the world) has increased, and Antarctic bases has secured resource ownership in extreme regions such as Antarctica (the coldest in the world). As the interest in extreme heat and cold regions increases with base construction competition, so does the necessity of construction technology as well as the design of the related regions. e temperature control range of these regions is − 65°C to 75°C. Based on the performance of existing facilities, it is necessary to simulate the temperature of the deserts in extreme heat and the south poles and north pole in extremes cold. e behavior properties and performance of existing structures should be evaluated by simulating the extreme loads (explosion, impact, temperature, etc.) caused in buildings and civil infrastructure facilities due to human and natural factors. Furthermore, material and structural performance needs to be verified with different temperatures using environmental chamber that can simulate the current environment. Until now, researches have been mainly conducted to evaluate the impact resistance of cement composites. ere is not much about the evaluation of impact resistance performance in consideration of environmental factors such as temperature variations [42, 43] . In particular, it is necessary to review fully the impact resistance performance with different temperatures of structures under extreme environments such as typhoons, earthquakes, explosions, and collisions. However, the aim of the paper is to evaluate the impact resistance performance with different temperature using environment chamber of VAEPC and PAFRC composites under low-velocity impact loading. erefore, the paper was written with the basic strength (compression, flexural) test of the cement composites using VAE polymer and PVA fiber. In order to examine the impact resistance with different temperatures, the impact failure behaviors of VAEPC and PAFRC composite specimens under low-velocity impact loads at the selected temperature conditions of − 70°C, 70°C, and 140°C were measured and compared. After the low-velocity impact tests, failure pattern and grade of specimens were evaluated. In addition, the interfacial bonding state (IBS) was observed through a scanning electron microscope (SEM) images to investigate the surface shape of the fractured specimen after the strength test.
Experimental Program

Experimental Plans.
As the mix design conditions and experimental contents of this study are shown in Table 1 , the W/C of VAEPC composites and plain mortar were at 40.0% and that of PAFRC composites was at 44.0% to obtain good enough workability for this special experimental test. e target average compressive strength was about 40 MPa at 28 days of age. Compressive strength and flexural strength were planned to be measured to show test results. In addition, the low-velocity impact tests are also conducted to evaluate the impact resistance performance of VAEPC, PAFRC composites, and plain mortar at selected temperature conditions of − 70°C, 70°C, and 140°C.
Materials.
e physical properties of materials are shown in Table 2 . For mixing of mortar, the ordinary 2
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Portland cement (type I) was used. It has a specific gravity of 3.15 and fineness of 3,620 cm 2 /g. e specific gravity of fine aggregate was 2.60. No coarse aggregate was used in any specimens. e mix proportions and compressive strength of mortars are shown in Table 3 . e specimens of PAFRC composite used in the paper are V f � 1.0% but are not counted in the weight, which corresponds to 13 kg of PVA fiber in 1 m3 of plain mortar (PM). In case of the specimens of VAEPC composite, 10% of the cement weight was substituted for the mixing ratio, and 61.0 kg of VAE polymer was used for 1 m 3 of plain mortar (PM). e ratio of cement to fine aggregate (C : S) was set at 1 : 2, and the ratio of polymer to cement (P/C) was set at 10%. e mix proportion of plain mortar was designed to achieve a target compressive strength of about 40 MPa at the age of 28 days. Figure 1 shows the shape of the VAE polymer and PVA fiber used in the study. Figure 2 shows the installation of equipment and specimens used in this test for compressive and flexural strength tests. For the compression test, specimens were prepared individually using cubic molds of 40 × 40 × 40 mm and compression tests were carried out using Universal Testing Machine (INSTRON 5982). e cross-head speed (loading velocity) was about 0.50 mm/ min and was maintained throughout the tests. e flexural testing was performed on a 40 × 40 × 160 mm screw-type specimen on the basis of a three-point loading (TPL) [44, 45] . e span was 120 mm and height 40 mm. e flexural stress (f r ) was obtained by using the following equation:
Testing Methods
Compressive and Flexural Tests.
where P is the maximum load (N), L is span length (mm), and b and h are width (mm) and height (mm) of beams, respectively.
Impact
Test. e specifications of the drop-weight impact tester are shown in Table 4 . e drop-weight impact tester installed for low-velocity impact tests is shown in Figure 3 . e drop-weight impact tester used the INSTRON CEAST 9350 to obtain the impact load, fracture energy, displacement, and time of the specimens under low-velocity impact loads. e specimens were settled, low-velocity impact load was applied to the center of specimens, and a hemispherical weight of 21.3 kN was dropped at the height of 144 mm. e drop velocity at the point of impact was about 1.67 m/s as the free drop velocity, and the impact energy applied was about 3.0 J. e impact load is automatically measured when the impact is applied to the specimen by means of a load cell installed in the tub of the drop weight, and the impact fracture energy is converted through the measured load. e data from the drop-weight impact tester were collected using computer software as the impact data measurement connected to the low-velocity impact tests. e temperature control chamber can be used to control the internal temperature from − 170°C to 250°C using thermoregulator. Low-velocity impact tests were conducted at − 70°C, 70°C, and 140°C by adjusting at room temperature (RT). Liquefied nitrogen was used for low temperature, while a heater was used for high temperature. At the temperature of − 70°C, the test was carried out after cooling for 1 hour and heated to 70°C and 140°C for one hour in the oven. 
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Low-velocity impact tests were performed three times for each specimen under selected temperature conditions. e energy absorption (toughness) can be calculated by the "average of the area" under the load-displacement curves [40, 46] . e energy absorption U was as follows:
where in above expression "t * " is the time increment and P(t) and υ(t) are the impact load and speed at certain timestep "t." e "Δd(t)" is the impact displacement increment during the load processing. Table 5 . e specimens for low-velocity impact tests by each mix proportion were uniformly 60 × 60 mm in size and 10 mm thick. ree specimens for each different temperature condition, 27 specimens in total, were prepared, then demolded in a grid-shaped device, and cured under the air-drying state until one day before the tests.
Specimens Preparation. Specimens preparation for lowvelocity impact tests at selected temperature conditions is shown in
SEM Observation.
In order to observe the fractured surface tomography of VAEPC and PAFRC composites and plain mortar specimens after the strength test, the fractured fragments of specimens were dried under the vacuum state, coated with platinum, and scanned with the scanning electron microscope (SEM) (model name: MIRA LMH, Tescan Ltd).
Results and Discussion
Evaluation Results of Mechanical
Properties. e evaluation results of mechanical properties for compressive and flexural strengths at 28 days are shown in Table 6 . From the test results, the compressive strength was found to exceed the target strength for PAFRC composites and plain mortar. At 28 days of age, PAFRC and VAEPC composites exhibited compressive strengths of 48.9 MPa and 35.5 MPa, respectively. e compressive strength of PAFRC composites was about the same or slightly lower than that of plain mortar, while the VAEPC composites showed a somewhat lower compressive strength of about 71.3%. At the age of 28 days, the flexural strength of PAFRC composite was 6.07 MPa and VAEPC composite was 5.00 MPa, and flexural strength of plain mortar was 4.88 MPa. However, the flexural strength ratio to compressive strength was about 1/8.0 for PAFRC composites and about 1/7.1 for VAEPC composites. e flexural strength was shown to be the highest for PAFRC composites in the order of PAFRC > VAEPC > plain mortar. e flexural stress and displacement results obtained from the flexural tests for three specimens are shown in Table 7 . Figure 4 shows the flexural stress and displacement curves obtained from flexural strength test for three specimens. As shown in Figure 4(a) , PAFRC composites showed a slight decrease in the stress after the maximum load, and it Advances in Civil Engineering maintained the behavior to a certain extent of displacement in the state where the flexural stress was lowered up to about 19 to 40% of the maximum load. e slope of the descent gradually decreased and the displacement increased. is is because PVA fiber prevents the growth of cracks by cross and rapid brittle fracture due to the bridge effect of PVA fiber through crack dispersion. On the other hand, as shown in Figures 4(b) and 4(c), VAEPC composites and plain mortar draped abruptly after the maximum flexural stress and there was almost no displacement after the maximum flexural stress. Figure 5 shows the fracture shape and appearance after the compression test on each specimen. As seen in Figure 5 (a), the PVA fiber is very densely spread out, and it was confirmed that it is evenly distributed along the crack surface.
e failure mechanism of fiber was found to be mainly due to fiber pullout rather than fiber fracture. e crack width was noticeably wider and maintained a large crack.
is is considered to be due to the prevention of sudden brittle failure due to the bridge role between the PVA fibers inside the specimen. On the other hand, in Figure 5 (b), the VAEPC composite showed a very smooth fracture surface due to the improvement of the bonding force by filling the pores with polymer film formation, but many microcracks and air voids were formed. However, the plain mortar was suddenly destroyed with small noises as the fragments were shattered by the central rupture in the center of the specimen height due to the vertical crack.
Evaluation Results of Impact Resistance
Failure Pattern and Grade.
Drop-weight impact test is to examine the fracture behavior of the impact applied to the specimen vertically and to find the impact fracture energy according to the relationship between the impact force and time. Unlike the static load, the failure behavior of concrete under impact load does not transfer to the whole specimen due to the impact applied when high strain rate loads are applied, and shows local failure behavior. ese local fracture shapes are largely classified into three types: penetration, scabbing, and perforation. Many researchers have been made on cement composites that improve flexural toughness and impact resistance by incorporating a variety fibers or Advances in Civil Engineering polymers in order to suppress local failure due to impact load [22, 25, 47] . Figure 6 shows the type of fracture due to the typical impact on the specimen. e fractures can be classified into three types based on the observation of the specimen with the naked eyes after impact: (1) penetration, (2) scabbing, and (3) perforation. Penetration refers to the occurrence of microcracks and deformation plastically in the rear as a result of impact to specimens. In case of scabbing, it is estimated that spalling or macrocracks occur in the rear due to impact of specimens; in perforation, it is assumed that specimens are completely perforated. Table 8 shows the overhead failure pattern of the front and rear face of the specimens under low-velocity impact loading at the selected temperature conditions of − 70°C, 70°C, and 140°C as obtained from the low-velocity impact test results. Among the 27 specimens, 20 specimens were observed to be fully perforated and were broken into three or more pieces. In case of the specimens of PAFRC composite, perforation failure did not occur except the specimens no. 1 and no. 2 at 140°C, while the rear face was suppressed, so that the difference in impact resistance capacity could be visually observed. Regardless of the selected temperature conditions, the rear face shows a pattern of the widening and propagation cracks in the vertical or inclined direction at the center of the impact point. As a result, more widening cracks occurred in the rear than in the front face. It is considered that the propagation of cracks is delayed at the fracture owing to PVA fiber reinforcement. On the other hand, the specimens of VAEPC composite were fractured and perforated almost vertically or in the inclined direction at the center of the impact point in both rear and front faces of the specimens in a similar way. At the temperature of 70°C, no. 1 specimen showed a brittle fracture behavior due to the fallout of the rear face, and some fragments could not be identified as the debris was ruptured, while the specimens of plain mortar showed cracks all in the vertical or inclined direction from the center regardless of the temperature conditions, and the perforation failure occurred with a comparatively large number of fragments suggesting that the degree of improvement in the impact resistance capacity is the lowest. And the specimen no. 2 at − 70°C, the specimens no. 1, no. 2 at 70°C, and the specimens no. 1, no. 3 at 140°C temperature condition were peeled off in the rear face and fractured into the spalling. erefore, the specimens of PAFRC composite are expected to be able to realize high safety performance for the facilities in case of high rapid loads such as collisions, impacts, and explosions.
Characteristics of Impact
Fracture Energy. Table 9 shows the results data of the low-velocity impact tests under the selected temperature conditions of − 70°C, 70°C, and 140°C. As for the specimens of PAFRC composite, the impact fracture energy up to peak load of each specimen was 0.94 J, 0.78 J, and 1.15 J, respectively, at − 70°C, and the average impact fracture energy was 0.95 J. e impact fracture energy up to peak load of each specimen at 70°C was 0.91 J, 0.20 J, and 0.19 J, respectively, and the average impact fracture energy resulted in 0.43 J. On the other hand, the impact fracture energy up to peak load of each specimen at the temperature of 140°C was 0.71 J, 0.13 J, and 0.18 J, and the average impact fracture energy turned out to be 0.34 J. In case of the specimens of VAEPC composite, however, the impact fracture energy up to peak load of each specimen was 0.63 J, 0.89 J, and 1.16 J at − 70°C, and the impact fracture energy in average was 0.89 J. e impact fracture energy up to peak load of each specimen at 70°C was 0.11 J, 0.49 J, and 0.22 J, respectively, and the average impact fracture energy was 0.27 J. Besides, the impact fracture energy up to peak load of each specimen at 140°C was 0.43 J, 0.42 J, and 0.18 J, respectively, and the average impact fracture energy was 0.34 J, while the impact fracture energy up to peak load of each specimen in plain mortar was 0.18 J, 0.18 J, and 0.20 J at − 70°C, and the average impact fracture energy was 0.19 J. At the temperature of 70°C, the impact fracture energy up to peak load of each specimen was 0.43 J, 0.15 J, and 0.50 J, and the average impact fracture energy was found to be 0.36 J. Furthermore, at the ultimate temperature of 140°C, the impact fracture energy up to peak load of each specimen was 0.17 J, 0.16 J, and 0.18 J, and the average impact fracture energy was 0.17 J. As a result, it was made known that the specimens of PAFRC composite generated the greatest amount of total energy of all at the selected temperature conditions of − 70°C, 70°C, and 140°C. In contrast, the specimens of plain mortar (PM) have shown remarkable decline in total energy. e reason why such greatest amount of total energy was caused seems due to the bridging effect of PVA fiber. e total impact fracture energy was highest for PAFRC in the order of PAFRC > VAEPC > plain mortar. Meanwhile, the impact fracture energy of all specimens decreased in parallel with increasing temperature. e specimens of PAFRC composite showed the highest values at 70°C and 140°C, and those of plain mortar featured the lower values at 70°C.
Relationship between Impact Fracture Energy and
Displacement. Figure 7 shows the relationship between impact fracture energy and displacement at the selected temperature conditions of − 70°C, 70°C, and 140°C. According to the low-velocity impact tests, the impact fracture energy of the specimens of PAFRC composite indicated more displacement together with the greatest amount of total energy in respect to external impact than the other specimens. is shows that the impact fracture energy of PVA fiber is higher than that of other specimens when the impact load is applied, and the displacement increased greatly while maintaining the impact fracture energy for a long time. On the other hand, the specimens of VAEPC composite and plain mortar were shown to have an abrupt brittle fracture behavior and their displacement tended to decrease almost in a similar way. is is possible by the bridging of fibers across the cracks, which helps improve the energy absorption capacity due to PVA fiber reinforcement. In addition, at the temperature of 140°C, the displacement of the specimens of PAFRC composite increased the most, and it was significantly more ductile than the other specimens. At the temperature of − 70°C, all specimens showed the least displacement, more brittle, and lower impact fracture energy.
Time. Figure 8 shows the relationship between the impact fracture energy and time at the selected temperature conditions of − 70°C, 70°C, and 140°C. In the low-velocity impact tests, the impact fracture behavior of the specimens of PAFRC composite showed almost linear elastic behavior in the initial stage but later showed nonlinear behavior. For the specimens of PAFRC composite, it has the longest time and the greatest amount of total energy due to the bridging effect of PVA fibers compared to other specimens at the temperature of 140°C. is is believed attributable to the fact that the transition occurred from the brittle to the ductile fracture but the fracture was not complete and the impact energy was absorbed in part. On the other hand, the specimens of VAEPC composite and plain mortar showed almost similar tendency. It was also found that the time of the specimens of PAFRC composite was longest at the temperature of 140°C. Especially at the temperature of − 70°C, all specimens showed the fastest time, and the impact fracture energy was the lowest with brittleness. Figure 9 displays the images of the fractured surface condition observed after the low-velocity impact tests of the specimen with SEM. As seen in Figure 9 (a), the cement hydrate of large and small particles was formed on the surface of PAFRC composites, and fiber pullout occurred between the matrices since spacing within the fiber was widened and thus affinity grew stronger. is shows that the failure mechanism is activated mainly due to fiber pullout, rather than fiber fracture. In case of VAEPC composites, as shown in Figure 9 (b), the polymer film once formed fills the pores between the cement hydrate and the aggregate, revealing a very clean and quite smooth surface owing to tight internal structure and improved interfacial bonding. It was found, however, that somewhat fine pores were formed on the fractured surface. It may be said therefore that PVA fiber demonstrates a better interfacial bonding than the plain mortar. e reason is because, in case of plain mortar, the internal structure ability is broken and formation of cement hydrate is insufficient, whereas lots of cement hydrate are formed on the surface of PVA fiber.
SEM Observation.
Conclusions
In the study, the compressive and flexural properties of the VAEPC and the PAFRC composites and plain mortar were compared and analyzed. eir impact resistance performance under low-velocity impact loading at the selected temperature conditions of − 70°C, 70°C, and 140°C was evaluated. From the experiments performed in the paper, the following conclusions were drawn:
(1) e compressive strength of PAFRC composites at 28 days of age was usually almost that of plain mortar, and VAEPC composites were somewhat reduced, while the flexural strength at 28 days of age was found to be significantly improved in PAFRC and VAEPC composites compared to plain mortar. (2) As the results of tests showed, PAFRC composites produced the height flexural stress compared with VAEPC composites and plain mortar, and they revealed the tendency to elevate the flexural performance thanks to increased amount of displacement and getting larger after the final failure. (3) e PAFRC resists relatively better against impact because it contains the PVA fiber which acts as a bridge to suppress crack propagation and to improve energy absorption performance. (4) e specimens of PAFRC composite were observed to some extent to suppress the perforation failures while the VAEPC composite and the plain mortar were destroyed in a form of being perforated. (5) So it is found that, under a load of low-velocity impact, the resistance performance of the VAEPC composite and the plain mortar was proven to show brittle fracture behavior, while the PAFRC showed ductile fracture behavior in virtue of PVA fiber reinforcement which improved its flexural performance. (6) According to the SEM observation which followed the tests, the PAFRC composite as a fiber-reinforced material of the hydrophilic material was found to show the most excellent interfacial bond adhesion compared to the other composite and the plain mortar. erefore, the PAFRC composite manufactured in the study has been proven to be very useful as a reinforcement material in both high and low temperature environments.
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